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NATIONAT: ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

ATTTTUDE INVESTIGATION OF THREE FLAME-HOLDER AND FUEL-
SYSTEMS CONFIGURATIONS IN A SHORT CONVERGING
AFTERBURNER ON A TURBOJET ENGINE .

By Willis M. Bralthwaite, Paul E. Renas, and Emmert T. Jansen

SUMMARY

An investigation was conducted in an altitude chamber at the NACA
Lewis laeboratory to evaluste an internal afterburner configurstion for
a turbojet engine having a short converging conical afterburner shell
with a two-positlion exhaust nozzle. Three configurations, which were
designed on the basis of previous experiments with this burner, were
installed. Performasnce characteristics and operational limits of each
were obtained over a range of altitudes to determine whieh coafigura-
tion best satisfied the design requirement that the burner operate sat-
isfactorily up to an altitude of 50,000 feet.

An afterburner configuratlon was designed that had an altitude
operationsl 1limit of 51,000 feet with essentially no effect of altitude
on performence up to an altitude of 45,000 feet. In arder to obtain
this performance, the afterburner intermsl configuration which included
a two-ring V-gutter flame holder, a streamlined diffuser inner body,
and 16 fuel bars had to be further modified to include 37 turbine-outlet
gas-flow straightening wvanes.

INTRODUCTION

Operstionel requirements of recent interceptors or other high-
performance aircraft demand satisfactory turbojet-engine operation &t
increasingly higher flight speeds and altitudes. In accordence with
these requirements, the present investigation, which was conducted in
an altitude chamber at the NACA Lewls laboratory, was dlrected toward
obtaining satisfactory afterburner performance and operationsl charac-
terlstics for a particular engine-afterburner combination up to an
altitude of 50,000 feet. The engine-afterburner combination used for
this Investigetion consisted of & preproduction power section, a short
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afterburner, and a two-position clamshell nozzle as supplled by the
engine manufacturer. The outer shell of the afterburner remasined unal-
tered throughout the investlgation. '

Previous investigations of a number of internsl configurations in
the same afterburner shell are reported in references 1 and 2. From
this informstion, a two-ring V-gutter flame holder had been lncorporated
in the design of the afterburner used in this investlgation. The dif-
fuser inner body had also been modified in order to provide an lmproved
velocity profile at the burner inlet. In the investigation reported
herein, the performence and operatlonsl cheracteristics of three after-
burner internsl conflgurations were evaluasted. Turbine-outlet gulde
vanes were installed for one of the three configurations to reduce the
amount of swirl in the gas flow entering the.burner from the turbine.

Operational characteristlcs of the three afterburner configura-
tlons and altitude performance of two of the three confilgurations are
presented in both tasbulsr and graphicsl form. Performance date were
obtained over a range of altltudes from 10,000 to 45,000 feet for the
initial and final confligurstions, and performance dats were obtained
over a range of flight Mech numbers at an altitude of 30,000 feet for
the finsl configurstion.

APPARATUS
Installation

The engine was installed in an altitude chamber which is 10 feet
in diameter and 60 feet long {fig. 1). A honeycomb is instalied in the
chanber upstream of the test section to straighten and to smooth the
flow of inlet air. The forward bulkhead, which incorparates a laby-
rinth seal around the forward end of the engine, was used to separate
the engine-inlet alr from the exhaust and to provide s means of mein-
talning a pressure difference across the engine. A l4-inch butterfly
valve was installed in the forward bulkhead to provide cooling air for
the engine compartment. The rear bulkhead was lnstalled to prevent
recirculation of exhaust gases gbout the engine. The exhaust gas from
the Jjet nozzle was discharged into an exhaust diffuser to recover some
of the kinetic energy of the Jjet. Combustion in the afterburner was
observed through a periscope located directly behind the engine.

Engine

A J35-A-35 engine, which includes the afterburner, was used in
this investigation. The engline has a static sea-level thrust rating
of 5400 pounds wlthout afterburning (5600 1b without compressor-inlet
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screens} et rated engine speed of 8000 rpm end a turbine-outlet temper-
ature of 1300° F, for an inlet-air temperature of 60° F (reference 3}.
At this operating condition, the air flow is 91 pounds per second and
the specific fuel consumption is 1.09 pounds per hour per pound of
thrust. The principal components of the engine are an ll-stage axlal-
flow compressor, elght cylindrical through-flow combustion chambers, a
single-stage turbine, and an afierburner. The over-sll length of the
engine and afterburner is spproximately 196 inches and the maximum
diemeter 1s 43 inches. Throughout the investigetion MIL-F-5624A,
grade JP-3, fuel with a low heating value of 18,750 Btu per pound and
& hydrogen-carbon ratio of 0.171 wes used in both the engine and the
efterburner.

Afterburner Assembly

Cross sections of the afterburner assemblies used are shown 1in
figure 2. The afterburner ghell, common to all configurations investl-

gated, was 76—% inches long and was composed of three sections: (1) a

conical diffuser followed by & short cylindricel section, (2) a con-
verging conical burning section, end (3) a two-position clamshell-type
nozzle. The two-position nozzle was meintained in the open position
(area, 389 sq in.} throughout the investigetion. Fuel was supplied to
the sfterburner by en air-turblne fuel pump which was driven by ailr
from an independent source.

The three configurations reported herein included the varlations
listed in the followlng table:

Config- Fuel System Flame holdexr
uretion Fgfer | Orifices| Mixing Type Digtence from Blocked aree
of |per spray|length nozzle outlet (nercent of | (percent of
fuel- bar (in.) (in.) flow ares)| afterburner
sprey eross-
bars i sectionsl area)
a 1 |[2-V ring; pllot 9
A 16 9 5% on inner body T 37.5 57.5
1 [2-V ring; dome 11
B 16 10 92 on irmer body 49’1—6 42.2 35.9
1l [2-V ring; dome 11
c 18 10 % on inner body 4575 42.2 55.9

80pe orifice was drilied in the end of each fuel bar to supply fuel for the diffuser-
inner-body f£lsme seat (fig. 3).
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The diffuser inner body for configuration A was supported from the
outer well by four rods which were covered by falred struts having a

chord length of 7—23= inches (fig. 2(a)). The downstream end of this dif-

fuser contalned a depressed flame seat ll% inches in dlsmeter. The

flame holder wes mounted from the outer shell and located 3% inches
downstream of the inner body. From the inner ring of this flame holder,
six stubs l% inches long protruded inward (fig. 2(a)). The fuel sys-
tems for all configurations are shown in figure 3.

For configuration B, the faired struts were removed leaving the
bare support rods, and the flame seat was replaced by a dome (figs. 2(a)
and 4). The flsme holder was the same as for configuratlon A except
that the slx stubs were replaced by four supporting struts sttached to
the dome of the diffuser inner body (fig. 4). The fleme holder was

also moved forward 5% inches (fig. 2(b}). The fuel system for this
configuration is shown in figure 3(b).

Configuration C had the same inner body with rod supports, flame-
holder mounting and locetion, and fuel system as configuration B. In
addition, 37 evenly spaced flow-stralghtening vanes (fig. 5) were
installed at the turbine outlet on the diffuser body. These vanes were
designed to turn the flow leaving the turbine approximately 40° at the
turbine blade root to 0° at the blade tip (fig. 5(b)).

The afterburner hot-streak lgnitlon system conslsted of two fuel
nozzles approximately 180° apart located just aft of the downstream
gide of the turbine. These nozzlea injected'fuel lnto the turbine-
outlet gas stream ebout two inches from the outer shell only during
the ignition cycle.

Instrumentation

Engine~inlet alr flow was determined by temperature, total-pressure
survey rekes, and wall static-pressure orifices located at the compres-
sor inlet (station 1, fig. 6(&?). Instrumentation was installed for
measuring the engine midfreme air bleed. This sir flow was subtracted
from the engine-inlet esir flow in order to obtain the afterburner air
flow. Afterburner-inlet total pressure and temperature were determined
from & survey at the turbine outlet (station 5, fig. 6(b}). Turbine-
outlet temperature was also messured by the engine manufacturer's
instrumentation, which consisted of a thermocouple harness comprised
of 10 thermocouples. Static pressures were measured at the diffuser
outlet by wall orifices. Total pressures were measured at the
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exhsust-nozzle inle} with a water~cooled survey rake (fig. 6(c)). The
angle of swirl of the ges flow was measured at the exhaust-nozzle inlet
by means of a water-cooled rotatshle rake (fig. 6(d}). The rake was
equipped with an actuastor that positioned the probes at an angle to the
plane of the axis of the engine. Ambient pressure 1n the region of the
exhaust-nozzle outlet was determined by static probes in the plsne of
the nozzle outlet. Engine and efterburner fuel Plows were measured by
calibrated rotameters.

FPROCEDURE r

Afterburner operstional and performasnce data were obtalned over =a
range of altitudes from 10,000 feet to the maximm operable sltitude at
s flight Mach number of 0.6 and over a range of flight Mach numbers
from 0.4 to 0.8 at an sltitude of 30,000 feet. For each flight condi-
tion, date were obtalned at several afterburner fuel flows between the
lean blow-out 1limit and the fuel flow required for limiting turbine-
outlet tempersture (l760° R). The lean opersting limit was determined
by: (1)} complete blow-out of the burmer, (2} rough burning, or (3)
flame seating only in the pilot burner (configuration A). ILimiting
turbine-outlet temperature was defined as operation at 1300° F (3.760o R)
as Indicated by the manufacturert!s instrumentation. All sfterburning
data were obtained with the engine operating at rated speed (8000 rpm)
and with the two-position nozzle in the open position. Engine-inlet-
alr total temperature and total pressure were regulated to correspond
to NACA standerd eltitude conditions.

The procedure followed in the ignition investigstion was to close
the eyelids of the exhaust nozzle and to inject fuel into the after-
burner and through the hot-stresk fuel nozzle. As soon as the turblne-
outlet temperature started to increase, the eyelids of the nozzle were
opened and the hot-streak ignition fuel was shut off.

The methods and symbols used in the calculations are given in the
appendix.

RESULTS AND DISCUSSION
Operational Characteristlcs

The operational limits of the three configuretions are presented
in figure 7 for varying altitude and flight Mach number. The two basic
operational limits which ere presented are: (l) afterburner lesn oper-
ating 1limit, and (2) limiting turbine-outlet temperature operation.

The maximum altitude limit, which 1s defined as lean combustion blow-
out at limiting turbine-outlet temperature, is also presented.
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The first of the three configurations investigated (configura-
tion A)'had an altitude limit of approximately 47,000 feet at an after-
burner fuel-alr ratio of 0.049. Becsuse the primary objective of this
investigation was the development of an afterburner that would operate
at an altitude of 50,000 feet, this configuration was considered unsat-
isfactory. Along with failure to reach the desired altitude, another
disadvantage of this configuration was burning in the wake of the dif-
fuser struts with a resultant short service life of the downsbtream end
of the inner body, which wae caused by the high degree of swirl of the
gases leaving the turblne. Consequently, the falred strute were
removed and the flame holder moved to the end of the diffuser with a
dome replacing the flame seat (confilguration B). The maximum altitude
obtained with this configuration was spproximately 41,500 feet at a
fuel-alr ratio of 0.0315. At this condition, visual observation indi-
ceted a very unstable and swirling flame.

Measurements by the englne menufacturer at sea-level static condi-
tions (fig. 8(a)) and flame patterns on the inner body indicated that
the swirl angle leaving the turbine varied linearly from approxi-
mately 40° et the blade root to epproximately 0° at the tip in a direc-
tion opposite to the rotation of the turbine rotor. Because the gases
are entering a diffusing section, the angle of swirl of the gases down-
stream from this statlon can be expected to be as great if not greater
than those indicated previously.

In order to reduce the swirl angle of the gases leaving the tur-
bine, straightening vanes were installed at the turbine outlet (config-
uration C). With this configuration change, the swirl angle was reduced
to less than 10° at the center of the exhsust-nozzle inlet as was indi-
cated by a survey at this station (fig. 8(a)}). These data were obtained
by rotating the rake in such a menner that the probes were at the vari-
ous angles to the plane of the engine axis and were evaluated as shown
in figures 8(a) and 8(b).

This configuration (configuration C) had an sltitude limit of
approximately 51,000 feet (fig. 7), improved afterburner performsnce,
increased service life, and improved stabllity of combustion (less
flickering of the visible flame). Ignition of the afterburner was pos-
sible with the torch igniter provided by the engine msnufacturer for
the range of altitudes covered in this investigation.

Performance Characteristics
Altitude performence data are presented in tasbular form in table I
and in graphical form in figures 9 to 13. Figure 9 presents a compari-

son of the performence of configurations A and C at altitudes of
30,000 and 40,000 feet for a flight Mach number of 0.6, Figures 10

LOo9Z
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and 11 present data for configuration € for a range of altitudes at a
flight Mach number of 0.6 and a range of flight Mach numbers at an
altitude of 30,000 feet. Figures 12 and 13 present the over-all engine
performance for configurstion C.

Comperison of conflgurations. - The aefterburner-inlet conditions
for configurations A and C ere presented in figures 9(a) and 9(b) and
the afterburner performance is shown in figures 9(c) to 9(f). Perform-
ance data could not be cobtalned for conflguration B because of the high
degree of swirl which prevented an accurate measurement of pressures;
however, the performance of this configuration is not considered of
importence begause of the poor altitude operational characteristics.

For a glven afterburner fuel-asir ratlo, configuration A had &
lower turbine-outlet temperature but a higher total pressure than con-
figuration C. The turbine-outlet total pressure is lower for confilgu-
ration C because of the pressure drop across the straightening vanes.

A comparison of the performance for these two configuratlions shows that
for configuration C the afterburner combustion effilclency, exhsust-gas
total tempersture, and augmented net thrust is higher and specific fuel
consumption is lower than the corresponding values for configuration A.
The magnitude of the difference is indicated by the combustion effi-
ciency which increased from 0.86 for configuration A o 0.91 for
configuration C.

Altitude and flight Mach number effects. - The performesnce obtained
for configuration C over a range of altitudes from 10,000 to 45,000 feet
at s flight Mach number of 0.6 is shown in figure 10 and the effect of
varying flight Mach number from 0.4 to 0.8 at an altitude of 30,000 feet
is shown in figure 11. For a given afterburner fuel-air ratio, increas-
ing the albitude at a constant flight, or decreasing the flight Mach
number at & constant altitude, tended to lower the turbine-cutlet total
temperature and to reduce the turbine-outlet totael pressure in priopor-
tion to the compressor-inlet total pressure. In additlion, increasing
altitude had no apprecisble effect on afterburner combustion efficiency,
exhsust-gas total temperature, or specific fuel consumption, but reduced
the sugmented net thrust. A peak afterburner combustlon efficiency of
approximstely 91 percent was obtained with this burner up to an alti-
tude of 45,000 feet.

Because the turbine-outlet total temperature decreased as the
altitude increased, or flight Mach number increased, 1t would be
expected that the exhaust-gas total temperature would decrease if the
afterburner combustion efficiency were constent. However, the after-
burner fuel-alr ratio is defined (see appendix) as the ratio of the
afterburner fuel to the total alr less the alr used for complete com~
bustion of the primary engine fuel. Because the englne combustlon is
not 100 percent efficient, some unburned fuel from the engine enters
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the afterburner along with the unburned alr end products of combustion.
This quantity of unburned fuel 1s not accounted for in the afterburner
fuel-air ratio. Therefore, for the same afterburner combustion effi-
clency, the temperature rise between the turbine outlet and the nozzle
inlet 1s greater than it would be for the afterburner fuel flow alone.
That part of the temperature rise attributed to the unburned engine fuel
must be of the same magnitude as the decrease 1n temperature at the
turbine outlet to yleld the nozzle-~inlet total temperature cbserved.
Examinetion of the data shows that the temperature rise in the after-
burner due to unburned engine fuel for varylng flight conditions is of
the proper megnitude to glve an approximately constant exhsust-gas tem-
rerature for eny given afterburner fuel-alr ratio. The spread in the
curves of exhaust-~gas temperature and afterburner combustion efficlency
le wlthin the normsl accuracy of this type of data.

For the range of conditlions investligated, the afterburner-
combustion-chamber inlet (diffuser outlet) velocity varied from 507 to
483 feet per second as the altitude was increased from 10,000 to
45,000 feet at a flight Mach number of 0.6 and from 485 to 435 feet per
second as the flight Mach number was increased from 0.4 to 0.8 at an
altitude of. 30,000 feet.

Qver-All Performance

The over-all performsnce obtalned with configurstion C is presented
in figures 12 and 13 for a turbline-outlet gas temperature of 1710° R,
based on NACA thermocouple instrumentation, which is the highest tem-
perature at which data were avallable at all conditlions for cross plot-
ting. It must be emphasized that the performence data presented are
significant only for an exhaust-nozzle ares of 389 square inches as used
in thls investigation. The relation of the manufacturer!s indicated
turbine outlet temperature to a NACA turblne-outlet total temperature
of 1710° R 1is presented in figures 12{d} and 13(d) for verying altitude
and flight Mach number, respectively. Exhaust-gas total tempersture,
augmented thrust ratio, and specific fuel consumption are shown In fig~
ure 12 for s range of altitudes at a flight Mach number of 0.6. The
augmented thrust ratio 1s defined as the net thrust obtained with
afterburning to the net thrust obtained with the engine and standard
tall pipe at a turbine-outlet gas tempersture of 1710° R. For a change
in altitude from 10,000 to 45,000 feet at a flight Mach number of 0.6,
constant exhasust-nozzle-area afterburner operation at a turbine-outlet
totel temperature of l7lO° R resulted in an increase 1n exhaust-gas
tempersture from 2810° to 3300° R, an increase in sugmented thrust ratioc
from 1.42 to 1.56, and essentlally no change 1n specific fuel consump-
tion. If the afterburner were opersated at conetant fuel-zir ratlo as
the altitude was lncreased, the turbine-outlet gas temperature would
decrease. Therefore, in order to maintain constent turbine-outlet

I \
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temperature, additionsl fuel must be burned in the afterburner which
increesed the exhsust-gas temperature. For the range of altitude oper-
ation from 10,000 to 45,000 feet, the afterburner inoperative thrust

loss varies from 1 to l% percent of the normel standard engine thrust.

Afterburner performance is shown in figure 13 for a range of
flight Mech numbers at an altitude of 30,000 feet with the engine
afterburner operating at a fixed exhaust-nozzle srea and & turbine-
outlet totel temperature of 1710° R. An increase in flight Mach nunber
from 0.4 to 0.8 caused a decrease in the exhaust-gas temperature from
3050° to 2970° R and sn increase in the augmented thrust ratio from -
1.42 to 1.51 while the specific fuel consumption remsined approximately
constant. The thrust loss with the afterburmer inoperative was 1 per-
cent of the standard engine thrust.

CONCLUDING REMARKS

An investigation of a J35-A-35 turbojet engine with a short con-
verging conical afterburner having a two-position exhaust nozzle showed
that a severe swirl in the turbine-outlet gases of approximstely 40°. at
the turbine blade root to O° at the tip can have a detrimental effect
upon afterburner performsnce and opereting limits. Modification of the
afterburner by the addition of simple stralghtening vemnes immediately
downetream of the turbine outlet reduced the swirl angle of the gases
entering the burner to less than 10°. This reduction in swirl resulted
in improved afterburner performance, altitude limits, flame stability,
and service life.

An afterburner combustion efficlency of approximately 90 percent
was obtained with the best configuration while no significant altitude
effects were observed on afterburner combustion efficiency, exhsust-gas
temperature, and net-thrust specific fuel consumption for a change in
altitude up to 45,000 feet nor for a change in flight Mach number
from 0.4 to 0.8 &t 30,000 feet. An altitude limit of 51,000 feet at a
flight Mach number of 0.6 was obtained for the final afterburner config-
uraetion and combustion was steble up to the point of blow-oub.:

The rich limit for sfterburner operation was limited by maximum
allowable turbine-outlet tempersture for all the conditions investigated
snd no rich blow-out was encountered. A larger exhaust nozzle could
therefore be used with resulting wlder operating range, higher augmented
thrust, and possible higher altitude limit.

Lewls Flight Propulsion Laboratory

Nationsl Advisory Committee for Aeronautics
Cleveland, Ohlo
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APPENDTX - CAICUIATIONS

Symbols

The following symbols sre used in the calculations and on the
figures.

A cross-gectional ares, sg ft

Cq flow coefficient at vena contracta

Cy veloclty coefficlent, ratio of actual Jet veloclty to effective
Jet velocity

Cp thermoexpansion retio, ratic of hot exhaust-nozzle area to
cold exhsust-nozzle area : '

Fy jet thrust, 1b

Fpn net thrust, 1b

f/a fuel-air ratio

acceleration due to gravity, 32.2 ft/secz

H total enthalpy, Btu/lb

he lower heating value of fuel, Btu/lb

M Mach number

N engine speed, rpm’

P total pressure, lb/sq ft absolute

Pg' total pressure at exhaust-nozzle survey station in standsrd
engine tail pipe, 1b/sq ft absolute

static pressure, lb/sq ft absolute

R ges constant, 53.4 (ft){1b)/(10)(°R)
T total temperature, °r

Ti indicated temperature, °R

t static temperature, °R

2607
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v velocity, ft/sec
Wg eir flow, 1b/sec
We compressor leakage air flow, 1b/sec
We  fuel flow, 1b/hr

W’f/Fn specific fuel consumption based on total fuel flow and net
thrust, 1b/(hr}(1lb thrust)

Wé gas flow, lb/sec

T ratlo of specific heats for gases

My afterburner combustion efficlency

Ne engine combustor efficlency

Subscripts:

a alr

e engine

hid fuel .

g gas

1 indicated by instrumentetion _

J station at which static pressure of jet equals free-stream
static pressure :

m fuel menifold

n exhsust~nozzle outlet, vena contreacta

t tall-pipe afterburner

0 free-stream conditions

1 engine inlet

3 compressor outlet at englne-combustor inlet

5 turbine outlet or tail-pipe diffuser inlet
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6 diffuser outlet at tall-pipe combustion~chanber inlet, leading
edge of fleme holder

9 exhsust-nozzle inlet, 3% inches upstream of nozzle outlet

10 exhaust-nozzle outlet

Methods of Csalculation

Temperatures. - Static temperatures were determined from indicated
temperstures uslng the relastion

Ty -
Y-1
P\TY
1+ 0.95 (5) -1

where 0.85 1s the impact recovery factor for the type of thermocouple
used. ’

t =

Flight Mech number and sirspeed. - Flight Mach number and equlva-
lent airspeed were celculated from engine-inlet total pressure and
total temperature and free-stream static pressure assuming complete
totel-pressure ram recovery: '

and

1
Po
Vo = Moa /718 BTy (p_l)

Alr flow. - Alr flow was determined from pressure and teﬁperature
measurements obtelned in the engine-inlet annulus. These measurements
were used in the following equation

it

T1

- frig (B
8,1 = P1hy (ry-108t1 |\ Py "1

2607
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Air flow at the compressor outlet (station 3) was obtalned by subtract-
ing the compressor leskage eir flow:

Wa,3 = Wg,1 - W
Gas flow. - Engine gas flow at the turbine outlet is

Weom=W + Vz,e
€5 8,3 " 3600

and afterburner gas flow 1s

W + W

£,e £,%
=W _L,e ~ I,T

Ws,g = Wg,3 t 36800

Fuel-air ratio. - The engine fuel-air ratio is given by the
equation

W
f,e

[ L
(£/2)e = 500 Wa,5

The tall-pipe afterburner fuel-slr ratio used hereln 1s defined as the
welght flow of fuel injected into the afterburner divided by the weight
flow of unburned alr entering the tail-pipe afterburner. Weight flow
of unburned sir was determined with the use of the assumption that the
fuel injected in the engine ¢ombustor was completely burned. When sir
flow, engine fuel flow, and afterburner fuel flow are combined, the
following equation for tall-pipe fuel-alr ratio is obtained:

W
f£,t

(£/e)g = * sze

3600 We,3 - G.068

where 0.068 is the stoichiometric fuel-eir ratio for the engine fuel.
The totel fuel-air ratlo for the engine and afterburner is

We e + Wr g
_— ————— 2
(£/2) = Zisow
a,3

Combustion-chamber inlet veloclty. - Velocity at the combustion-
chamber inlet was calculated from the continuity equation wlth the use
of the static pressure measured at station 6 and with the assumption
of isentropic expansion between stations 5 and 6.
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Ts"l

5
Vg = Wg,5 RT5 /Pg
Pe Ag \P5

Engine combustor efficiency. - Engine combustor efficlency is the
ratio of enthalpy rise through the engine divided by the product of
engine fuel flow and the lower heating value of the fuel:

Ty Tg
3600 Wy, 3113] + [Wf, eﬁf,{]
T LS

'q =
© wf,ehc,e

Afterburner combustion efficiency. - Afterburner combustion effi-
ciency was obtained by dividing the enthalpy rise through the after-
burner by the product of afterburner fuel flow and lower heatlng value
of the fuel:

l}GOOW 3H8;| [f,eﬂfj [f tHftTm" MeWre, ebc, e

o = We ghe t+(1'ﬂe)erc,

The enthalpy of the combustion producte was determined from the
hydrogen-carbon ratio of the fuels by the method expleined in refer-
ence 4, in which dissociation 1is disregarded.

Exhaust-gas total temperature. - The total temperature of the
exhaust gas was calculsted from conditions existing at the exhaust-
nozzle vens contracta by the air-flow equation:

Tp~1

Tn
TAlO n‘g 1 - EE)
The thermsl-expansion ratio Cp was based on exhasust-nozzle skin tem-~

perature and properties of the metal. The flow coefficient Cy was

determined from nonafterburning engine data obtained with the engine- .
afterburner configuratlon and ls presented in the following figure.

Ty =

W
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Flow coefficient, C4

1.00
/
.96 L
//
"
.92 o
.88 i
1.0 l.4 1.8 2.2 2.6 3.0 3.4

Exhaust-nozzle pressure ratio, Pg/po

Augmented thrust. - The jet thrust of the comblned engine-
afterburner configuration was calculeted from exhsust-nozzle pressure
ratio, exhaust-nozzle gas temperature, and afterburner gas flow.

W

where

Tyt

rn
ar D n

n n

e ot o - ()

The velocity coefficient Cy as determined from previous engine opera~

tion was 0.97. The cherts in reference 5 were used in the solution of
the preceding equation.

The augmented net thrust was obtained by subtractling the free-
stream momentum of the inlet air from the Jet thrust of the
installation.

W
-, - B2l
F_ = FJ 2 Vo
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Standerd engine thrust. - The Jet thrust obtainable with the stand-
ard engine at rated engine speed was calculated from measurements of
turbine-outlet total pressure and total temperature and engine gas flow
obtained Quring the afterburning progra.m

Fye = %[Ygg,_S Vp + Ay (o - Poi‘

where

T5'I_

T
LI QU B °
Yn = Ay 1 &5 Pyt

Experimental date from previocus operation of the engine (reference 5)
indicated that the totel-pressure loss across the standsrd-engine tail
pipe between stations 5 and 9 wes approximately 0.025 PS at rated

engine speed; therefore, Pg' = 0,0975 P5. The nozzle velocity coeffi-
clent was assumed to be 0.97, the same as for the augmented Jjet thrust.
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TABLE I - AFYEREURMER FERFURMANCE DATA W
Rm | Altitude| Flight | Fres-siream | Engine-inlet |Engine-inlet|Engine-inlet|Engine fosl|Afterburnar [mytal fuel~ Afterburoer| Augmonted] wot
(%) | Mach giatio total total alr flow Tlow fuel flow | air ratio | fuel-air Jst thrust
mmbey | presmme rosETe ‘temperaturs Va1 Ve o wf,t f/a ratio thrast ¥,
4o Po Py T |- (wjeeo) | (mfm) | (wwjur) (t/a)y B aw
(1b/ea £t abe)} (1b/ag Tt abe) (°F) (11)
Configiration A
1 | 30,000 | 0.608 682 799 448 57.28 ps27 4870 0.0561 0.0616 3850 2988
2 L6028 624 797 488 59,22 2429 3810 0487 0582 3521 2629
3 .595 628 788 457 57.68 24135 3820 0487 L0891 3505 2815
4 508 £2% 786 457 37,81 2283 3350 422 358 3318 2
§ | 40,000 | 0,595 588 434 421 25.88 1708 2805 0.0550 0,0496 2544 1818
8 .B87 391 488 413 25.85 1868 2660 .0509 0441 2542 1915
7 .615 388 500 417 24.15 1617 2525 L0464 0410 2280 1844
8 608 388 488 418 25,68 1588 2408 .0470 0391 2255 1818
9 .618 585 500 418 £5.80 1858 2220 0447 582 | 2187 1745
Oonfiguration O
16 [ 10,000 | 0.618 1434 1852 558 76.19 4555 £810 0.0380 0.0288 6065 4465
1n (634 148 lasg 536 77.03 4248 5455 .0358 0280 5961 4308
12 511 1450 1886 541 76.88 3755 4785 .0313 .0220 5088 5402
15 615 1438 1855 558 17.08 3444 4380 ,0288 0197 4720 3107
14 | 30,000 | 0.418 628 705 428 33.%5 2268 3450 0,0466 0.0410 3025 2585
18 401 633 707 425 53.45 2155 2975 L0455 L0544 £856 244),
18 K07 887 705 425 25ER 2078 2710 0405 L0510 278 2528
7 AL 627 . 705 426 55.38 1974 2480 0377 0278 2597 2171
18 | 50,000 [ 0.811 628 810 437 57,04 2514 | 3880 0.0477 0,040 17
i1} .610 627 . 805 450 57.15 2368 3360 0488 0548 3358 2853
20 .618 627 sn 446 57.48 2268 5010 0588 0304 5888 £D04,
gl 615 _6B6 809 __ 450 57.2% 1974 2570 . 2750 2056
22 | %0,000 | 0.808 624 859 487 43,40 2839 4340 0.0488 0.0390 4368 3280
zs " .B0B 625 958 485 45,58 2748 4010 JO438 0353 4251 3186
24 .808 628 258 A5 45.508 2638 3650 .0408 0517 FLEY 3028
25 . 808 826 851 ABS 43.68 2475 3260 0571 0277 5845 2757
28 . 805 825 959 464 43,87 2277 3045 0544 L0852 | 3543 2468 |
27 | 55,000 | 0.82% 3 840 427 50,51 2046 5116 0.0480 0.0404 2918 2547
28 -619 485 640 422 50.54 1988 2940 L0457 L0575 2002 2512
2 .815 496 639 419 50,53 1955 2625 .0422 0531 2748 2188
1807 | v 497 838 421 30,50 1858 2440 .0598 . 0503 2 2067
31 | 40,000 | 0.61% 389 501 422 25.68 1618 2450 0,0487 0.0412 2305 1865
33 .608 393 504 425 25.46 1580 2510 0488 .0387 2250 1817
33 ,603 390 489 423 25,70 1519 2120 0453 0544 2180 1727
54 .618 389 508 423 25.80 2420 1848 L0381 40298 | 2009
35 |45,000 | 0.6135 305 564 475 . 1260 2017 0.0513 0,0445 1765 1444
38 .611 307 585 426 18,17 1238 1902 L0453 ,0418 1754 1417
57 .600 308 So4 424 18,32 1220 1748 0880 0578 1708 1573
58 .616 307 587 423 18,53 1200 1695 0450 .D365 1676 1335

8e
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TABIE T - Conolndad, AFTERBURMER PERFGRMANCE DATA

Ban Epecific fuel Turbins—cutlet | Turbine-ontlet (Maonfactorer's| Combustim- |Combustion- [Exhanat-nozzle- Exhangt-gas| Afterburner| Engine
ounanghinn totel presmire total turbine-~ontlet | chamber-inlet | ohamber- Inlet total total cambration| combustion
W/t 5 temperaturs indicated static inlst pressurs taaperaturs| afficiency efficiency
(1b/{nr} (1b thrust))| (2b/sq £t abs) Ts temperaturs | preseure velocity By Tn y ",
{°R) Ts,4 Pg - Vg (1b/sq £+ abs) (°R) -
{°R) (1b/eq £t abe)| (£t/eec)
' Oopfiguration A
i 2.477 1810 1780 1765 1685 48% 1646 3547 0.789 0,878
2 2.241 1757. 1730 1663 1606 48§ 1601 3034 .828 .. 985
] 2.214 1755 1720 1680 1801 452 1598 5103 -.8B8 .885
4 2.145 1894 1868 1654 1538 461 1540 2857 . 8BS .885
5 Z.405 1T T8 1777 T 488 1040 3309 0.800 0.520
6 2.257 1148 1723 1720 1054 458 1042 3270 .870 -.937
7 2.245 1129 1710 . 1701 loas 465 1085 308 , B35 ,958
8 2.198 1114 1689 1678 1020 463 1003 3089 .868 ,958
g 2.186 1093 16866 1646 858 458 992 3003 .B76 .962
Configuration C
10 2,299 3533 1700 1702 5016 488 3086 2761 . 0,855 0.985
1n 2,254 5263 1873 1666 2933 507 5028 2647 855 .98%5
12 2.447 3027 1544 1555 2891 507 2789 2258 &0 885
3 2.515 2883 1475 1496 2540 513 2664 2032 2593 -805
14 2,205 1565 1785 1767 1438 485 1454 5238 0,902 0.976
15 2.102 1517 1706 1728 1591, 485 1410 5020 819+ K"
16 2,058 1476 1872 1588 1350 456 1572 2664 918 . .985
17 2,053 1427 1810 1629 1300 485 1528 2687 .a870 . 982
18 2.206 1758 1760 1778 i6i% 491 igs4 5154 0.858 0.865
19 2,158 1878 1723 1755 1536 402 1857 2027 808 ..985
20 2.108 1636 1687 1676 1498 492 1517 2828 .888 .988
21 2.2%0 1487 1530 1537 1340 487 1577 2338 700 .585
22 2.169 2007 — 1180 1789 - 1538 35 1860 321 0.915 0,985
25 2.155 197 1735 1750 1800 495 1818 3083 .23 988
24 2.078 1830 1698 1700 1780 494 1777 2851 957 B85
25 2.079 1648 1625 1835 1673 497 1704 2685 871 988
26 2.167 1750 1542 1547 1578 524 1616 2395 .74l .585
27 2,199 1407 1745 1790 1266 483 1308 3208 0.699 0.574
28 2.156 1597 1712 1751 1288 453 1297 5117 L9 .975
29 2,101 1358 1870 1899 1244 487 1259 2540 .504 974
50 2,078 1518 1540 1653 1207 491 1924 2782 .869 984
5L 2.187 1108 1720 174 1580 475 1030 3271 0.523 0,943
52 2,341 1088 1702 1748 1004 472 1018 N 3252 . 964 N:Th 1
53 2,113 1066 1673 1717 587 480 §90 3015 .918 963
54 2,083 1018 1587 1647 - 838 478 845 2759 819 L9417
35 2.269 867 1715 1781 811 485 802 350 0.580 0.908
38 2.216 857 1700 1760 814 459 795 3276 508 .907
37 2.180 848 1688 112 800 —— 784 3127 510 .908
58 2.187 asa 1660 171 788 463 T 5048 .888 9135
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Stations 5

s at { 4 \

Four falred inner-body supports
6

Two-ring V-gutter flame holder
81x radial stub V-gutters
270 welded to flame holder
34&" Diffuser inner u 1" 23"
" body 17 221_
26* ‘L
’___IL.
_-'4-2" g
b— 6 10rg
30"
(a) Configuration A.
Stations 5 [ T ’ L
Four tubular inner
l,_en body supports s&"
. . H
— -
Flame
holder
Diffuser inner body 31 p
nes%l - 113" 2 - - "_25“
"
g1 17 22k
37 Stralghtening vanes
(configuration C)
6 fuel- v
spray - /_//'
bars
_.l e o ‘ 9"
" 5& le—5 "' Is
L—leir—-
son o

(b) Configurations B and C.

Pigure 2. -~ Cross section of afterburner inatallation.
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]

All holes
8 Indlicates one 0.025" diam. 0.030" diam.
hole in end of bar

(2) Fuel system used in configuration A, located 6% inches
upstream of flame holder.

Cne 0.025" diam. hole
drilled in end of bar

i i i I
‘-—-2.0"—-,-—.75'-'011—!1.75"—-'-*2.75"———1 e—. 28"
9. Y <vg

Al

[

(b} Puel-spray bar used in configuration A.

(c) Fuel aystem used in configurations B and C, located 5&- inches
upstream of flame holder.

i ; : |
e 1.875% sh-g754e 5751;-1-5-;09'754‘—1 75—

{d) Fuel-spray bar used in configurations B and C.

X —

Figure 3. - Schematlc dlagrams of fuel systems.
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Figure 4. - Flame

holder used for configurstiona

NACA RM E52G29

B and C.
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(a) Installed straightening vanes.

Figure 5. - Turbine-outlet straightening vames used in configuration C.

23
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‘430 arc (referenca)

1.55"

4.30" developed length

Quter cone

Air flow >

3.92" (reference) ———-'

Developed length
fe————1.62 T}

0.06" Inconel sheet

Approximately
3.75"

r-SO -

Inner cone '
qunan'pr

14%33!
A

(b) Dlagrammatic sketoh of straightening vane.

Figure 5. - Concluded. Turbine-outlet straightening vanes used in configuration C.
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{u)} Cowpwssmor inlat, station 1.
\Jj - '
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amm of (dz'lnhublo raks at nossle inlet, station B,
uuu.lk nu.n;- hes (ewmatresm of tAil-oods~outlet
lange.

(b) Turbine oatlst, station 8, 5.0 inchas downstresm of
tail~pone 1.n1n= flange.

& ¥sll static-presmurs tube
o Yotal-pressure tube
soupla

-

Pigure &, - Orsss ssstion of instrumentation as isstallsd in engine and aftarbuarner.
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80,000
50, 000 / - ,'
4
el
1( /’/T ~
f
77
/
£ 40,000
G’N
'§ Configuration
Lol
ot O A (struts)
< 30,000 O 3B (tube supports)
© ¢ (tube supporte and
straightening vanes)
X  Altitude limit
- Afterburner lean operating
20,000 1imit
/ — = = Limiting turbine temperature
10,000 |
(a) Variation of operationsl limits with altitude;
flight Mach number, 0.6.
.8 <>I
= [
~ 1
8 |
. ble
E |
: :
L
] i SNACA
oy
2 4 ) ‘$ '
.01 .02 03 04 .05

Afterburner fuel-alr ratio, (£/a)y

(b) Variation of operational limits with f£light Mach
number; altitude, 30,000 feet.

F;gure 7. - Operating limiis of afterburner qonfigurations. Engine speed, 8000 rpm.
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'Altitude Flight Turbine-outlet Ergine

(£4) Mach temperature speed
number (°Rr) (rpm)
© 30,000 0.6 1760 8000
0O 40,000 .6 1720 8000
< 40,000 6 1587 8000
A o] 0 ——— 8000
v 0 © o 7000

10

Il

=g
N O
. S\URS
8 k \ NACA exhaust-nozzle-
- -10 N inlet survey station
o \ wlth straightening
& \ venes
® N
—~
g \
g -20 _
@
8
\ Manufacturer's
=30 N turbine-outlet ]
4 survey statlion
wlthout straight-
ﬁ\q ening vanes
0 } 1
405 20 5 &0 80

4
Papsage depth {fram outer skin to center line or inner surface), percent

(a) Veriation of swirl angle of tail-pipe ges flow with passage depth for
various flight conditions. (Gas-swirl engle is positive when gas rota-
tion is in sasme direction as engine rotation.)

Figure 8, - Gas-flow-swirl condltioms in afterburner for conflguration C.
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. NACA RM E52G29

?rc;bé depth (peroent radius)
from outslde wall
0o 4,15
a 13.20
Lol 23.38
A 35.30
a 50,00
(v 71.00
KX Maximum pressure or angle of
awirl
1100
: bz U\\g
A ——
1000
X3 RN
3 / | \o\ AN
§ 900 l / .\v\ \\
: , NA
L \
) 800 d /
Q
o
)
B
g
g 700 d /
50 % ~40 -20 4 —s

Angle of rake from axis of engine
{b) Typieal rotating rake data, Altitude, 40,000 feet; flight Mach num~-
ber, 0.6; turbine-outlet temperature, 1720° R. (Gas-swirl angle is
positive when gas rotation is in same directlon as engine rotation.)

Figure 8. - Concluded. Gas-flow pwirl condltions in afterburner for configuration C.
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,01 02
Afterburner fuel-air ratio, (r/n)t

(e) Augmented net thruat.
Figure 9. - Effect of internal afterburner configuration changes on variation of performance with afterburner fuel-air ratlo for flight

Mach number of 0.6.

(£) 8pecific fuel consumption,

Engine speed, 8000 rpm.
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O
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45 g Eg: 1600 X
Q - { b o d Altitude Configuration
N b N 22 (re)
Y- 28 lo 30,000 - A
Sg a3, 1 40,000 A
35 16 Bof 1200 30,000 ¢
iy q } 3 40,000 c
g g .
§ :
18 800
: (a) Turbine-outlet total temperature. x40 (b) Turbine-cutlet total pressure.
i i I’O
E R;/c
»
.0 & 3000
g ! b
Z 86 O
1.0 gl 3
ofldg 5
15 2 i Vi
a2 .8 o 2800
Eﬁ ) : /
3 .
g 5 y
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g -8 2200
(c) Afterburner combustion efficiency. (d) Bxhaust-gas total temperature,
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1800 ’ 4000
& o4 o C
. L N 0]
g & } /&A:/A 2 00 et
E 1800 /— A~ a b1 /(v
: 1, 3
g 4 4 ) -
8 / / / - &
] b
~ 1800 A 5 { 2001
§ [ $ A 1o
-t -l
2 FJ 8 HOTC
bt E 1000! ot
1800 y . —
8 9 5 A2
2
3 a
E 1400
(a) Turbine-outlet total temperature. . - (b) Turbine-outlet total pressure.
&6
&7
& e
= 1.0 s 3
¥ ’ A 5 %
=
@ ©
- £
o b
Ll
g g
o .8 8 280
g -
3 / g
be] o
. : 7
g g /
g d B 20 £
" 5 i
g 2
5 E /
2 ~
s % 200
b= {c} Afterburner combustion efficiency. (d4) Exhaust-gas total temperature.
5000 - ) A .
VA [}
a g Altitude Burner-inlet
- o (re) velocity
& 4000 = . Ve
o] oldery - (tt/sec)
g 38 O 10,000 507
3 o é 8 30,000 192
2 . d g o 35,000 ts7
» 3.0 A 000 75
L 8000 7 . ’/(3’ £ > 4 15,000 6%
] -l/c © E
o = '3 -—
2 OO~ A
g 2000 5 g™ 2.8 h.
< e Q. 2
= !
Y ey & -
1000 2.0 -
.01 .02 -.03 04 .05 .01 .02 .03 04 .05
Afterburner fuel-air ratio, (f/a)y
(e} Augmented net thrust. (f) Specific fuel oonsumption.

Pigure 10. - Effect of altitude on variation of peri‘orma.née'é'r"ooﬁ:f.‘_i-.gura'._tidﬁ [+] with“aftez'burner rﬁel—
air ratlio. Flight Mach number, 0.8; engine speed, B00C rpm.

R,
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Mach mmber Afterburner
Mg inlet velocity
VG 9
(rt/Bec)
o] 0.4 485 k
180 4 ju} .5 492
. &> .8 485
] Z
o
o& 17 o 3000
+ +
2 B,
H /e
- - +
© - ® -
P Egg
35 Fay ST T
i 1 ]
E g i e
1 1000
(2) Turbine-cutlet total temperature. (b) Turbine-outlet total pressure.
§ I ' : o 3400
-
5 g
3£ w
2 2]
8n 4
°g B 5000 -
| ) b s
£3 4 -
E*‘ méF o
& ) F1
e S =
g o
& . § 2600
{c) Afterburner combustion efficiency. é
” a
2 if
Ll 2200
(d) Exhaust-gas total temperature.
3 ¢ L e
2 8y
. 30k
o O
] =P
=.ﬂ b1 /{‘ a ~ 0 2.5
o —ad oC g £.0
a8l
Q
L 54 EERS
g o O~ S h 8 5
& ¥ - R E
<5 8 3 vt
= g 2.0

.01 .02 .03 .04 .05 .01 .02 .03 T W04 .05
Afterburner fuel-air ratile, (f/a)y

(e) Augmented net thrust. (f) Specific fuel consumption.

Figure 1l. - Effect of Mech number on variation of performance of configuration C with afterburner
fuel-alr ratio. Altltude, 30,000 feet; engine speed, 8000 rpum.
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1
g 3400
38
3.5
gef
)
ag 3000
|:-; //
Ly
o a
8
=
5 2600
(a) Bxhsust-gas total temperature.
1.6 T |
| 1AL terburner R
" operating
o
X 14—
B
o
-«
6
&
o 1.2
L]
3
£
5
T
=t B g == Afterburner
‘§ inoperative
<
(b) Augmented thrust ratio.
| 2, | I
g — Afterburner
v — — | operating
Bied T=
3] 4
S5%d
Egsﬁ 1.
siig L
E;:E éi = Standard
MRS engine
gl 4 i
L) {c) Specific fuel consumption based
! on net thrust.
g &  1s00- -
3 -
3E
n3F
230 180
554 -
i3 L -
[ogrey I “‘!‘!E!"’P
§3§ 1700 - ;
7 - apomer - - -
= ) 10 20 50 40 50x10°

Altitude, ft

(d) Variation of manufacturer's indicated turbine~
outlet temperature with altitude, NACA turbine-
outlet gas tempersture of 1710° R.

Figure 12. - Varlation of afterburner performance characteristics of configu-

ration C with altitude. Turbine-outlet total temperature, 1710° R; Mach
nuwber, 0.6; englne speed, 8000 rpm.
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(a) Bxhaust-gas total temperature.
1.§ T T
Afterburner
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[
Iy 1.
n
:
3
g 1. 7T =~ TAfterburner
g,‘ inoperative
<

(b) Augmented thrust ratio.

§ E-ST
E.
a g r.II
§ ﬁ{_g — — —l _ _Afterburner .
- o;u operating
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a 0 N
<223
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QB -
& 1.
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i
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1700 1 1
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(d) Variatlon of manufacturer's indicated turbine-
outlet temperature with Mach number for NACA
turbine-cutlet gas tewperature of 1710° R.

Figure 13. - Variation of afterburnexn,perfort®fce. characteristics of configura-

tion C with Mach mumber. Turbine-outlet totel temperasture, 1710° R; altitude
30,000 feet; engine speed, 8000 rpm. .
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